Introduction
Dietary protein restriction reduces renal injury in virtually all models of experimental renal disease (1) (2) (3) (4) (5) (6) . Studies in the remnant model ofchronic renal failure in the rat have demonstrated that the institution of a low protein diet before renal injury is established greatly lessens the severity of various functional and structural indicators of damage (1, 2, (7) (8) (9) (10) . Micropuncture studies ofdietary protein restriction have highlighted its efficacy in markedly blunting the adaptive increases in single nephron filtration rates, plasma flow, and capillary pressure that attend reductions of renal mass (2) , and have indicated that it is largely through such hemodynamic effects that a reduction in dietary protein diminishes the severity of chronic renal injury (2, 11, 12) .
Findings in the remnant model have generated optimism that the progression of human renal disease may be similarly slowed by a reduction in protein intake (12) (13) (14) . Extrapolating from these studies in the remnant model to Received for publication 10 June 1985 and in revised form I July 1986.
(2, 7-10), never after, and have often compared the restricted diet with one with high rather than standard protein content (2, (7) (8) (9) . Finally, that renal function, measured as glomerular filtration rate (GFR)', is actually better preserved on a lower protein intake has not been previously demonstrated.
This study examines whether dietary protein restriction in the remnant kidney model of chronic renal failure would still exert protective effects on glomerular function if imposed after renal injury is already established, and whether such protective effects are attended by alterations in glomerular hemodynamics. 
Methods
Long-term studies. 12 male Sprague-Dawley rats weighing 225-250 g were subjected to approximately one and two-thirds subtotal nephrectomy by removal of the right kidney and selective segmental infarction of the left kidney under methohexithal anesthesia (5 mg/100 gm body wt) administered by intraperitoneal injection. All rats were maintained on standard rat chow (Ralston Purina Co., St. Louis, MO) and water ad libitum for 3 mo. Serum creatinine was then measured by a modification of the Jaffe reaction (15) on a creatinine analyzer 2, (Beckman Instruments, Inc., Fullerton, CA) from a tail vein blood sample. All animals were then housed in individual metabolic cages and all urine excreted over 24 h was collected under mineral oil. Urinary total protein excretion was assayed by the sulfosalicylic acid method (16). The day after metabolic collections, systolic arterial blood pressure was measured with the tailcuff method, using a physiograph (model MK-IV, Narco Bio-Systems, Houston, TX).
Rats exhibiting urinary total protein excretory rates >25 mg/d were then paired into two groups based on serum creatinine, thus ensuring similar levels of renal function. One group was maintained on a 6% protein diet (Teklad diet No. TD83437, Teklad, Madison, WI) while the other group was maintained on a 20% protein diet (Teklad diet No. 170597) and water ad libitum for an additional 3 mo. These two diets were isocaloric and had identical electrolyte and lipid contents. They differed only in protein contents and in the sucrose added to the 6% diet to ensure that both diets were isocaloric.
Systolic arterial pressure was measured by the tail-cuff method at monthly intervals, after division into the two dietary groups. Urine collections over 24 h were repeated after all animals were on their respective diets for 3 mo. After this, clearance studies were performed. Rats were anesthetized with Inactin, (100 mg/kg body wt administered by intraperitoneal injection; BYK Gulden, Konstanz, Federal Republic of Germany) and placed on a temperature-regulated (10 MCi/ml) was infused at a rate of 1.2 ml/h after a priming dose of 0.5 ml over 5 min. After allowing 30 min for equilibration, two clearance collections were performed. Radioactivity in the urine and the plasma were determined by liquid scintillation counting. Urinary and plasma levels for both IgG and albumin from samples collected during the clearance study were measured by rate nephelometry using an immunochemistry analyzer (Beckman Instruments, Inc.). Goat-derived anti-rat IgG and albumin (Cappel Laboratories, Malvern Histologic analysis of glomerular injury was also assessed in these short-term studies. Another group of eight male Sprague-Dawley rats, weighing 275-300 g, was subjected to a similar degree of renal ablation and maintained on standard rat chow for 6 wk. Animals were then paired into two groups as before, based on serum creatinine, and maintained on either 6 or 20% protein diets. After 2 wk ofdietary protein stratification, animals were anesthetized with Inactin, and the remnant kidney tissue was fixed at the ambient mean arterial pressure with 1.25% glutaraldehyde in 0.1 mM sodium cacodylate buffer (pH 7.4, osmolality 300 mosmol).
Sections were cut at 5 gm and stained with hemotoxylin and eosin. Sections were scored in a coded blinded fashion for the degree of glomerular injury, performed in an identical fashion to the histological analysis detailed in the long-term studies.
Calculations. Glomerular capillary pressure:
where osmotic pressure, WA, is calculated from the Landis Pappenheimer equation ( 19) WA = 2. 1C+0. 16C2 + 0.009C3. GBF-QA (7) 1 -HCtA
Efferent arteriolar blood flow rate:
Resistance per single afferent arteriole:
GBF where the factor 7.962 X 10"°is used to give resistance in dyn-s-cm-5 Statistics. All data are presented as means±SEM. Urinary protein excretory rates were transformed into the natural logarithm before statistical analysis to correct for their nonparametric distribution (21) . Paired data were analyzed with the paired t test and differences were considered statistically significant for P < 0.05.
Results
Long-term studies. 3 mo after subtotal nephrectomy, all rats appeared healthy. Groups destined to receive either a 6% or a 20% protein diet for an additional 3 mo were well matched for body weight (314±7 vs. 302±15 g, P = NS), serum creatinine (1.2±0.2 vs. 1.4±0.2 mg/dl, P = NS), urinary total protein excretory rates (51±11 vs. 60±13 mg/24 h, P = NS), and systolic arterial pressure (145±7 vs. 140±7 mmHg, P = NS) (all values 6% vs. 20%). Thus, before dietary protein manipulation both groups exhibited comparable levels of renal dysfunction.
3 mo after division into the two levels of dietary protein, the mean body weight of rats maintained on 6% protein, measured at 294±6 g, was statistically lower than the mean body weight of rats on 20% protein, 351±20 g (P < 0.05). Hematocrit and total plasma protein in the rats fed 6% protein diet, 46±1% and 5.6±0.2 g/dl, respectively, were similar to these parameters in the rats fed 20% protein diet, measured at 43±2% and 5.8±0.1 *g/dl respectively. However, dramatic differences were observed in urinary total protein excretory rates. Urinary total protein excretion in rats maintained on 6% protein, 7.0±1.0 mg/24 h was strikingly reduced compared with urinary total protein excretion in rats maintained on 20% protein determined at 36.0±4.0 mg/24 h (P < 0.001). The reduction in proteinuria in remnant animals on switching from a standard rat chow to a synthetic 20% protein diet is a finding we have consistently observed and is likely due to the protein (24% vs. 20%) as well as other compositional differences, such as sodium (0.49% vs. 0.08%), between these two diets. Similarly, marked differences were also seen for urinary albumin and IgG excretory rates between the two dietary groups: rats maintained on 6% protein, excreted 2.3± 1.0 and 0.5±0.1 mg/24 h of urinary albumin and IgG respectively, which were values significantly lower than these parameters obtained in rats maintained on 20% protein, determined at 15.0±3.0 and 4.8±1.5 mg/24 h, respectively (P < 0.001). These differences in urinary protein excretion were observed in the absence of any significant difference in conscious systolic arterial pressure at any time during the study (Table I) .
Clearance studies performed 3 mo after dietary protein manipulation revealed higher inulin clearance in rats maintained on 6% protein, measured at 0.68±0.13 ml/min when compared with inulin clearances in rats maintained on 20% protein, measured at 0.40±0.12 ml/min (P < 0.05, Table II ). In addition, fractional clearances ofalbumin and IgG in rats fed a 6% protein diet calculated at 42±14 X 10-' and 14±6 X 10' were significantly lower than the corresponding values obtained in animals maintained on 20% protein, measured at 264±61 X 10-5 and 73±32 X 10-', respectively (Table II) . As with systolic pressures in the conscious state, there was no statistical difference in mean arterial pressure between the two dietary groups (Table II) In remnant animals in which histological analysis of kidney tissue was undertaken, levels of renal dysfunction were similar In addition to these differences in glomerular hemodynamics, marked differences in macromolecular clearances were observed between the two dietary groups. Fractional clearances ofalbumin and IgG in animals maintained on 6% protein measured at 172±27 X 10-5 and 56±8 X l0-5, were markedly lower than values obtained in animals maintained on 20% protein determined at 626±144 X 10-5 and 205±38 X 10', respectively.
Mean scores for glomerular injury in animals maintained on 6% protein and 20% protein determined at 9±2 and 10±3 respectively, were not statistically different. Thus, the differences in macromolecular clearances and glomerular hemodynamics observed with short-term alteration of dietary protein intake were not accompanied by differences in glomerular injury as determined by light microscopy.
Discussion
The institution of a low protein diet before, or at the time of, partial renal ablation significantly alters the severity of renal damage in the remnant kidney (2, (7) (8) (9) (10) . Adaptive increments in single nephron filtration rates, transcapillary hydraulic pressures, and glomerular capillary plasma flow are markedly blunted, glomerular ultrastructural changes are attenuated, and glomerular permselectivity is less impaired, with dietary protein restriction (2, 7). The diminution of intrarenal pressures and flows has been proposed as the beneficial effect of this dietary manipulation (2, 11, 12) . Subtotally nephrectomized rats, chronically maintained on a low dietary protein intake from the onset of renal injury develop less proteinuria and glomerular sclerosis (8, 10) and have lower mortality rates (9, 10) as compared with remnant animals maintained on a high dietary protein intake. These and other observations (1, 12) have lent enthusiasm to the view that dietary protein restriction retards the progression of chronic renal disease (12) (13) (14) . However, these studies in the remnant kidney model do not address the equally pertinent Our study demonstrates that dietary protein restriction imposed after renal injury is established retards the decline in renal function and, in fact our long-term studies are the first to demonstrate that GFRs as measured by inulin clearances are higher in remnant animals maintained on lower protein intake. Further evidence for the protective effects of dietary protein restriction is derived from the markedly reduced indices of renal injury, that is, urinary total protein excretory rates, fractional clearances ofalbumin and IgG in remnant animals maintained on 6% protein. It is likely that these reductions in fractional clearances of albumin and IgG result from preservation of the size-selective properties of the glomerular capillary. The work of Myers and others have demonstrated that the high fractional clearances of IgG found in assorted glomerulopathies are consistent with the presence of a subpopulation ofenlarged pores in the glomerular filtration barrier that are readily traversed by IgG molecules (22, 23) . Whereas such preservation in size selectivity may also contribute to the reduction in fractional clearance of albumin in animals on a restricted protein intake, repair of a charge-selective defect also likely contributes (7, 22) .
The protective effect of dietary protein restriction could not be ascribed to a reduction of systemic arterial hypertension because repeated measurements ofconscious systolic arterial pressure as well as determination of mean arterial pressure during clearance studies failed to reveal any significant difference between the two dietary groups. Dietary protein restriction appears unique in this regard; other measures that protect against renal injury in the remnant model, such as enalapril (24) , heparin (25) , antiplatelet agents (26) , and thromboxane synthetase inhibitors (27), all significantly reduce systemic arterial pressure. The lack of an effect of dietary protein restriction on systemic arterial pressure however, does not preclude an important effect on remnant nephron hemodynamics (2) .
To examine whether an alteration of intrarenal hemodynamics occurs ifdietary protein restriction is imposed after injury is established, we performed micropuncture studies 2 wk after dietary protein restriction in rats with established injury. Both groups were stratified to similar levels of renal function at the time of dietary assignment. When studied 2 wk later, whole kidney GFR and renal plasma flow were similar in the two dietary groups, as were the single nephron filtration rates. No differences were detected in afferent arteriolar protein concentration or glomerular capillary plasma flow. However, the mean transcapillary hydraulic pressure gradient was significantly reduced in rats maintained on a lower dietary protein intake, an effect that would tend to lower single nephron filtration rates. Offsetting this effect was a greater ultrafiltration coefficient in the low protein-fed rats. Filtration pressure disequilibrium was observed in both dietary groups and is attributable to the high glomerular capillary plasma flow rates (28) . Unique values of glomerular capillary ultrafiltration coefficient were thus calculable (28) . Such determinations demonstrated that the ultrafiltration coefficient in animals maintained on 6% protein was more than twice the value obtained in animals maintained on 20% protein. Thus, the tendency for lower transcapillary hydraulic pressure to decrease single nephron filtration rates in animals fed 6% protein was nullified by the higher ultrafiltration coefficient such that both dietary groups exhibited comparable values for single nephron filtration rates.
The lower transcapillary hydraulic pressure gradient and glomerular capillary hydraulic pressure in the protein-restricted animals were the result of decreased efferent arteriolar resistance. In view of the relatively short period in which dietary protein restriction led to changes in efferent arteriolar resistance and ultrafiltration coefficient, it is likely that the mechanism underlying these changes is ofa functional rather than structural nature. Indeed, our light microscopic studies on the severity of glomerular injury revealed no differences between the two dietary groups. A variety of hormonal substances have been shown to regulate efferent arteriolar tone (29) and ultrafiltration coefficient (30, 31) and it is quite likely that altering dietary protein intake may alter intrarenal levels of vasoactive hormones (12, 13) . Dietary protein intake is directly related to systemic plasma renin activity (32) , an effect that could lead to greater intrarenal levels of angiotensin II in animals on higher protein diets and thus, at least partially, explain the greater efferent arteriolar resistance and lower ultrafiltration coefficient seen in rats maintained on a higher protein intake (31) .
In addition to these differences in glomerular hemodynamics, marked reductions in the fractional clearances of albumin and IgG were seen with dietary protein restriction. The determinants of glomerular ultrafiltration influence the fractional clearances of macromolecules (33) . Because there were no significant differences in afferent arteriolar protein concentration and glomerular capillary plasma flow between the two dietary groups, no differences in the fractional clearances of albumin and IgG would be expected on these grounds. Transcapillary hydraulic pressure gradients > 45 mmHg, which were achieved in both our dietary groups, are predicted to exert negligible effects on fractional clearances of macromolecules (33) , assuming that such heightened gradients exert no direct effects on the permeability characteristics of the capillary. Increases in the ultrafiltration coefficient are expected to lead to increased fractional clearances in albumin and IgG (33) . The ultrafiltration coefficient was increased in the animals maintained on 6% protein, the dietary group that demonstrated lower fractional clearances of albumin and IgG. Given these findings, and the predictions based on alterations in the determinants of glomerular filtration, it is likely that the improvements in intrinsic size-and charge-permselectivity with dietary protein restriction overrode the competing effect of elevation of ultrafiltration coefficient, thereby leading to decreased clearance of macromolecules. The hemodynamic effects we have observed in our micropuncture studies are different from the hemodynamic effects observed with reduction in dietary protein intake in healthy animals with intact kidneys (34) , and in animals with reduced renal mass when dietary protein restriction is applied at the time renal mass is reduced (2) . In the normal growing rat with intact kidneys, dietary protein restriction over 4 mo leads to decreased SNGFR due to decreases in glomerular plasma flow and in the glomerular ultrafiltration coefficient, the latter ascribed to a reduction in the glomerular cross sectional area (34) . In the remnant kidney model, decreased dietary protein intake applied at the time renal mass is reduced, blunts the adaptive increase in single nephron filtration rates due to its effects on glomerular plasma flow and the transcapillary hydraulic pressure gradient (2) , and reduces the structural hypertrophy that attends reduction ofrenal mass (8, 35) . In our studies, we applied short-term dietary protein restriction 6 wk after the reduction of renal mass. Thus, our studies in the remnant kidney model focused on the effects of dietary protein restriction imposed after the structural hypertrophic response, as well as the glomerular hemodynamic response to ablation ofrenal mass, were fully developed. In such a setting we observed that dietary protein restriction led to no significant alteration in remnant kidney GFR and single nephron filtration rate, the latter due to offsetting effects of a rise in glomerular ultrafiltration coefficient and a fall in transcapillary hydraulic pressure. Thus, the effect of dietary protein restriction in the remnant kidney model may be influenced by the extent to which adaptive alterations in glomerular hemodynamics and/ or renal compensatory growth are already established.
Interestingly, in established human renal insufficiency a similarly blunted effect of dietary protein restriction on GFR has been observed (36) (37) (38) . In such patients there is evidence that the capacity for alteration in dietary protein intake to elicit changes in GFR is inversely proportional to the extent to which renal function is decreased below normal (36, 37): thus, the lower the basal GFR, the more attenuated is the alteration in GFR with dietary protein manipulation (36, 37) . This has given rise to the concept of renal functional reserve, which is viewed as a measure of the capacity of GFR to rise under certain stimuli such as a protein load (36) . It is conceivable that when renal injury is severe and longstanding a maximal adaptive response occurs in remnant glomeruli. In such settings, one would anticipate a relative insensitivity of GFR to dietary protein manipulation.
The major significance of the micropuncture study is that animals maintained on 6% protein diet exhibit lower glomerular capillary pressure yet similar glomerular capillary plasma flow and single nephron filtration rates when compared with the animals maintained on 20% protein, and it is this protein restricted group that demonstrate greater preservation of renal function in the long term study. Whereas there is a large body ofevidence that elevated glomerular capillary pressure, filtration rate, and plasma flow in concert inflict glomerular injury (1, 1 1, 12) , there is increasing evidence that increased glomerular capillary pressure per se provokes glomerular damage. For example, in the remnant model chronic treatment with a converting enzyme inhibitor markedly decreases intracapillary hypertension without affecting glomerular hyperperfusion, and leads to less proteinuria and glomerular sclerosis (24) . A similar pattern of results has also been reported with converting enzyme inhibition in experimental diabetes mellitus (39). In the uninephrectomized desoxycorticosterone-salt hypertensive rat, which manifests significant glomerular damage and proteinuria as compared with the uninephrectomized control, glomerular capillary pressure but not glomerular capillary plasma flow is increased (3). Furthermore, treating these hypertensive rats with a combination of hydrochlorothiazide, hydralazine, and reserpine such that the systemic pressure is normalized, does not reduce the elevated glomerular capillary pressure and fails to protect against glomerular injury (40). Finally, rats subjected to repetitive pregnancy, a state that has been characterized as having glomerular hyperperfusion but not glomerular hypertension, fail to exhibit morphologic evidence of glomerular injury or increased urinary protein excretory rates (41) . Thus, glomerular pressure per se is a critical determinant of glomerular injury. Our study demonstrates that the preservation of renal function with the institution of dietary protein restriction after renal injury is established follows upon reduction of glomerular capillary hydraulic pressure without reduction in the augmented single-nephron filtration rate or plasma flow.
Our findings in the remnant kidney model are germane to the current attempts to retard the progression of human renal insufficiency with dietary protein restriction. Both short-as well as long-term dietary protein restriction in humans with established chronic renal insufficiency have demonstrated remarkably similar findings to ours in the remnant kidney model (38, 42) . Dietary protein restriction over 10 d in humans with assorted chronic glomerulopathies reduces fractional clearances of albumin and IgG in the absence of any significant alteration of systemic mean arterial pressure or whole kidney filtration rates and plasma flow (38) . Also, a recent long term, randomized, prospective study in established human renal insufficiency demonstrated that dietary protein restriction reduces rates of progression of renal insufficiency, and proteinuria, without any significant effect on systemic arterial pressure (42) . We suggest that the diminished glomerular capillary hydraulic pressure that occurs in the remnant kidney model with dietary protein restriction also occurs in established human renal insufficiency when protein intake is reduced. This finding in the rat points out the hazards of inferring intra-renal pressures from measurements of flows.
